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A	“Fluid”	perspective	on	fish	
passage	design	and	
performance	
Aline	J	Cotel	
Civil	and	Environmental	Engineering			
University	of	Michigan	

Mo#va#on	
Wide	range	of	species	
+	
Wide	range	of	design	and	therefore	specific	hydrodynamic	
conditions	
+	
Range	of	success	metrics	
	
Need	to	define	metrics	that	can	be	applied	to	different	types	of	
design	and	fish	species	–	HARMONIZATION	!	
  
Fishes	in	aquatic	systems	experience	turbulence	
How	do	fishes	respond	to	typical	features	of	environmental	flows?	
Turbulence	arises	from	flow	interacting	
with	structures	–		
bottom	topography,	banks,	protruding		
structures.	
->	Wide	range	of	results.	
	
Bur	first	a	few	words	on	turbulence…	
•  Option	1:	
	
•  Option	2:		
What	is	the	most	effective	design	for	
creating	turbulence	and	mixing	2	fluids?		
Example	of	shear	layers	
Low	Re	
High	Re	
Koochesfahini,	1989	
Probability	Density	Function	
Gradient	diffusion	
	
From	data	
Corrsin’s		Criterion	(1974)	
“A	necessary	condition	for	a	self-consistent	gradient-	
diffusion		model	is	that	turbulent	motions	have	a	scale		
that	is	small	compared	with	that	over	which		the		
concentration	of	the	diffusion	quantity	changes		
significantly…”	
	
“And	nearly	all	traditional	turbulent	transport	problems		
VIOLATE	this	requirement…”	
Implication	for	turbulence	modeling	–	when	using	turbulent	
diffusivity	or	eddy	viscosity	for	example.	Need	very	good	
calibration	data…	
•  Two		approaches:	statistical	versus	physical	
•  Depends	on	measurements	techniques:		
•  point	(turbulent	velocity	fluctuations,	TI,	TKE,	Reynolds	
stresses)		
•  planar	or	volumetric	(eddy	size,	vorticity,	circulation)	
•  Impacts	how	we	do	modeling	
•  One	important	parameter:	Reynolds	number.	Defines	flow	
regime	as	well	as	range	of	turbulent	length	scales.	Similitude	
studies.	
Turbulence	
  
Re = w1δ
ν
w1! δ	
Negative	effects	of	eddy-dominated	flow	on	
fishes	
	
Fish	avoid	high	levels	of	turbulence	in	laboratory	trials.	
	
Fish	swimming	performance	is		
reduced	by	higher	turbulence		
intensity	(e.g.	Pavlov	et	al.	1982,	1983,	
	2000).	
	
Stronger	swimmers	are	found	in		
more	energetic	flows.	
	
More	turbulent	flows	increase	
oxygen	consumption	
(Enders	et	al.	2003)	
  
top 
bottom 
free swimming 
Spottail	shiner	-	waves	created	by	boat	on	sandy	beach.	
-80
-60
-40
-20
0
20
40
60
80
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
TIME (seconds)
VE
LO
C
IT
Y 
IN
 X
Y 
PL
A
N
E 
(c
m
/s
)
-40
-30
-20
-10
0
10
20
30
40
0.0 0.2 0.4 0.6 0.8 1.0
% WAVE
PI
TC
H
 A
N
G
LE
 (d
eg
re
es
)
Tethered top of water column
Tethered bottom of water column
Free Swimming
Cotel,	A.	J.	and	Webb,	P.	W.	2004.		
A	Common	Feature	
Turbulence	can	challenge	control	of	body	posture	and	
swimming	trajectories.	
MEASURING	TURBULENCE			
with	Acoustic	Doppler	Velocimetry	
Turbulent Intensity = TI = standard deviation / mean velocity 
turbulent 
velocity 
component 
Turbulent Kinetic Energy = TKE = 0.5 (standard deviation)2 
Focal point of a trout 
in a stream 
Trout focal points 
Cotel,	A.	J.,	Webb,	P.	W.	and	Tritico,	H.	2006.	Do	trout	choose	habitats	with	reduced	turbulence?	Trans.	Amer.	Fish.	Soc.	135;610-619	
Turbulence	Intensity	=	standard	deviation	of	current	velocity	
	 	 																			mean	current	velocity	
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Velocity	measured	within	5	
cm	of	the	bottom	
Fishes	choose	regions	of		
lower	turbulence	intensity		
Focal	points	for	brown	
trout	
Locations	5	cm	from	
bottom	without	fish	
Field	data	from		
Maple	river,	MI	
  
Uncertain/positive	effects	of		eddy-dominated	flow	on	
fishes	
	
Unsteady	flow	created	by	wavy	walls	or	jets.		
	
Swimming	performance	unaffected	by	intensity	of	turbulence.	
	
Swimming	performance	improved	in	unsteady	flow.	
	
	
	
	
	
	
	
	
Nikora	V	I,	Aberlee	J,	Biggs	B	J	F,	Jowett	I	G,	and	Sykes	J	R	E.	2003.	Effects	of	fish	size,	time	to	fatigue,	and	turbulence	on	
swimming	performance:	a	case	study	of	Galaxias	maculatus.	J.	Fish	Biol	63:1365-1382.		
Perry,	R.,	Farley	M.,	Hansen	G.,	Morse	J,,	and	Rondorf	D.	2005.	Turbulence	
Investigation	and	Reproduction	for	Assisting	Downstream	Migrating	Juvenile	Salmonids,	Part	II	
of	II;	Effects	of	Induced	Turbulence	on	Behavior	of	Juvenile	Salmon.	BPA	Report	DOE/BP-00007427-1.	
http://www.efw.bpa.gov/publications/D00007427-1.pdf	
Liao,	J.,	Beal,	D.	N.,	Lauder,	G.	V.	and	M.	S.	Trianyafyllou.	2003b.	The	Kármán	gait:	Novel	body	kinematics	of	rainbow	trout	
swimming	in	a	vortex	street.	Journal	of	Experimental	Biology	206:	1059-1073.	
FLOW 
Some	negative	effects	of	turbulence,	some	positive…	
WHY???	
Could	it	be	the	way	we	define	turbulence?	
Need	for	harmonization?		
	
Vertical	slot	fishways	-	PIV	measurements	
Instantaneous	measurement	of	
velocity,	vorticity,	TKE.	
	
Allows	for	calculations	of	average		
parameters	as	well	as	localized		
quantities,	on	a	fish	scale	for	example.	
Tarrade	et	al.	(2008)	
Pool-weir	fishways	
Turbulent	Flow	is	comprised	of	eddies	in	which	a	fish	is	
embedded	
Relative	Time	Scale	–	Eddy	frequency	and	periodicity	relative	to	
response	latency	of	embedded	body.		
Relative	Spatial	Scale	-	Eddy		size		relative	to	the	size	of	the	
embedded	body	(from	larvae	to	adults).		
Incident	Flow	and	Embedded	Body	interactions	linked	by:	
INCIDENT 
FLOW 
Cylinder	diameters:	0.4,	1.6	and	8.9cm		
	
Flume	experiments		
1.5cm x 1.5cm 
Square Flow 
Straightener Mesh 
30 cm 
55 cm 
Lf=11.5 cm 
Mf=16.8 g 
Technique:	Particle	Image	Velocimetry	
Eddies	identified	using	Drucker	and	Lauder	(1999)	from	PIV	data	
Results	–	eddy	sizes	
Results	–	fish	performance	
Increasing	velocity	test	with	creek	
chub,	11.5	cm	total	length	
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Horizontal	Cylinders	
Occurrence	of	eddies	up	to	8.4	cm	
in	diameter	shed	by	the	large	
cylinders	significantly	reduced	Ucrit	
Tritico and Cotel(2010) 
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Flow	Parameters	 Definition	 Value	
Length	scale	 Eddy	diameter	identified	
from	PIV	data	
1	–	8	cm	
Circulation	 Γ	=	ωe	Ae	 5	–	640	cm2/sec	
Momentum	flux/thrust	 T	=	ρ	Ve2	Le2	 25	to	409,600	cm4/sec2	
Relevant	parameters		
The	range	is	for	the	different	sets	of	experiments	performed,	from	the	small	to	the	large	
cylinders	configurations,	with	the	highest	water	tunnel	velocity	(56cm/s).		
Fish	Parameters	 Definition		 Value	
Length	scale	 Body	length	 11.5	cm		
Circulation		 Γ	=	ωf	Af	=	Vf	Lf	
	
483	cm2/sec	
Momentum	flux/thrust	
	
T	=	ρ	Vf2	Lf2	
	
233,289	cm4/sec2	
	
Based	on	fish	lowest	critical	swimming	speed	(42	cm/sec).		
Cotel	and	Webb	(2015)	
Scenario	 Ratio	of	
lengthscale	
Circulation	ratio	 Momentum	ratio	
Small	cylinders	 0.09	 0.01	 0.0001	
Medium	cylinders	 0.25	 0.09	 0.0087	
Large	cylinders	 0.69	 1.32	 1.76	
Comparison	–	Flow	to	Fish	
Eddy diameter >> fish length 
Eddy diameter ≈ fish length 
Eddy diameter << fish length 
Eddies of the range 0.5 
to 1 fish length affect 
swimming. 
Momentum	also	important	–	only	the		
large	cylinder	case	poses	stability	and		
trajectory	challenges	as	reflected	in	the	
flow	to	fish	momentum	ratio.	
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•  How	long	fish	are	interacting	with	turbulent	eddies	will	impact	
their	performance	thru	fishways.	
	
•  Persistence	parameter	(Cotel,	1995)	defines	the	stationarity	of	
vortices	with	respect	to	a	surface,	i.e.	ratio	of	eddy	rotational	to	
translational	velocity.		
	
•  It	would	represent	here	how	long	fish	are	experiencing	significant	
interaction	with	eddies.	
More	on	#me	scale!	
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At	fixed	local	velocity	
STRONG	correlation	between	tail	beat	frequency	and	eddy	vorticity	
10%	error	bars	
Tritico	(2008)		
•  St	=	fA/u	where	f	is	the	tail	beat	frequency,	A	the	tail	
beat	amplitude	and	u	the	local	velocity.	It	mixes	input	
and	output	variables!	
	
•  Gazzola	et	al.	(2014):	Unifying	principle	for	locomotion	
->	Swimming	Number.		
•  Valid	over	8	orders	of	magnitude	of	Re.		
Aquatic	locomotion	-	Moving	away	from	Strouhal	
number	
NATURE PHYSICS DOI: 10.1038/NPHYS3078 LETTERS
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Figure 1 | Aquatic swimming. a, The organisms considered here (Supplementary Information) span eight orders of magnitude in Reynolds number and
encompass larvae (from mayfly to zebrafish), fish (from goldfish, to stingrays and sharks), amphibians (tadpoles), reptiles (alligators), marine birds
(penguins) and large mammals (from manatees and dolphins to belugas and blue whales). Blue fish sketch by Margherita Gazzola. b, Swimmer of length L
is propelled forward with velocity U by pushing a bolus of water14,20,24 through body undulations characterized by tail beat amplitude A and frequency !.
c, Thrust and drag forces on a swimmer. Thrust is the reaction force associated with accelerating (A!2) the mass of liquid per unit depth ⇢L2 weighted by
the local angle A/L (therefore ⇢LAmay be understood as the mass of liquid channelled downstream). For laminar boundary layers, the drag is dominated
by viscous shear (skin drag), whereas for turbulent boundary layers, the drag is dominated by pressure (pressure drag).
As most species when swimming at high speeds maintain an
approximately constant value of the specific tail beat amplitudeA/L
(refs 8,11), relation (2) reduces toU/L⇠ f , providing a mechanistic
basis for Bainbridge’s empirical relation.
In Fig. 2a, we plot all data from over 1,000 di erent
measurements compiled from a variety of sources (Supplementary
Information) in terms of Re and Sw, for fish (from zebrafish
larvae to stingrays and sharks), amphibians (tadpoles), reptiles
(alligators), marine birds (penguins) and large mammals (from
manatees and dolphins to belugas and blue whales). The organisms
varied in size from 0.001 to 30m, while their propulsion frequency
varied from 0.25 to 100Hz. The dimensionless numbers we use
to scale the data provides a natural division of aquatic organisms
by size, with fish larvae at the bottom left, followed by small
amphibians, fish, birds, reptiles, and large marine mammals at the
top right. We see that the data, which span nearly eight orders of
magnitude in the Reynolds number, are in agreement with our
predictions, and show a natural crossover from the laminar power
law (1) to the turbulent power law (2) at a Reynolds number of
approximately Re' 3, 000. To understand this, we note that the
skin friction starts to be dominated by the pressure drag when
the thickness of the laminar boundary layer is comparable to half
the oscillation amplitude. Therefore, a minimal estimate for the
critical Reynolds number Recritical associated with the laminar–
turbulent transition is given by the relation   ' A/2. For a flat
plate26   = 5p⌫L/U and given a typical value of A/L= 0.2, we
obtain Recritical ' (10L/A)2 = 2,500, which is in agreement with
experimental data.
Naturally, some organisms do not hew exactly to our scaling
relationships. Indeed, sirenians (manatees) slightly fall below the
line, whereas anuran tadpoles lie slightly above it (Supplementary
Information). We ascribe these di erences to intermittent modes
of locomotion involving a combination of acceleration, steady
swimming and coasting that these species often use. Other reasons
for the deviations could be related to di erent gaits in which part or
the entire body is used, as in carangiform or anguilliform motion.
Moreover, morphological variations associated with the body, tail
and fins may play a role by directly a ecting the hydrodynamic
profile, or indirectly bymodifying the gaits. However, the agreement
with our minimal scaling arguments suggests that the role of
these specifics is secondary, given the variety of shapes and gaits
encompassed in our experimental data set.
NATURE PHYSICS | VOL 10 | OCTOBER 2014 | www.nature.com/naturephysics 759
© 2014 Macmillan Publishers Limited. All rights reserved
•  Sw	=	fAL/ν	
	
•  Laminar	(Balance	between	skin	
friction	and	thrust)	-	Re	goes	as	
Sw4/3	
•  Turbulent	(Balance	between	
pressure	drag	and	thrust):	Re		
goes	as	Sw.		
	
•  Locomotion	described	by	dimen-	
sionless	parameters	only!	
Swimming	number	
LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS3078
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Figure 2 | Scaling aquatic locomotion: measurements. a, Data from
amphibians, larvae, fish, marine birds and mammals show that the scaled
speed of the organism Re=UL/⌫ varies with the scaled frequency of the
oscillatory propulsor Sw=!AL/⌫ according to equations (1) and (2) over
eight decades. Data fit for the laminar regime yields Re=0.03Sw1.31 with
R2=0.95, and for the turbulent regime yields Re=0.4Sw1.02 with
R2=0.99. b, The Strouhal number St= fA/U, with f=!/2⇡ , depends
weakly on Reynolds number St⇠Re 1/4 for Sw< 104 (blue) and is
independent for Sw> 104 (red), consistent with our scaling relationships
and earlier observations30.
Because aquatic organisms live in water, testing the dependence
of our scaling relationships on viscosity requires manipulating
the environment. Although this has been done on occasion27
and is consistent with our scaling relations (Supplementary
Information), numerical simulations of the Navier–Stokes
equations coupled to the motion of a swimming body allow us to
test our power laws directly by varying Sw via the viscosity ⌫ only
(Supplementary Information). In Fig. 3, we show the results for
two-dimensional anguilliform swimmers28,29. The data from our
numerical experiments straddle both sides of the crossover from the
laminar to the turbulent regime and are in quantitative agreement
with ourminimal scaling theory, and our simple estimate for Recritical.
To further challenge our theoretical scaling relationships, in Fig. 3,
we plot the results of three-dimensional simulations performed by
various groups using di erent numerical techniques19,22,24,28; they
also collapse onto the same power laws (details in Supplementary
Information). The agreementwith both two- and three-dimensional
numerical simulations, which are not a ected by environmental
and behavioural vagaries, gives us further confidence in
our theory.
Traditionally, most studies of locomotion use the Strouhal
number St = !A/U , a variable borrowed from engineering, to
Sw = 200
Sw = 600
Sw = 2,000
Sw = 20,000
Re
 ∼ 
Sw
Re
 ∼ 
Sw
4/
3
Laminar
regime
104
a
b
103
102
102 103 104 105
101
Turbulent regime
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Figure 3 | Scaling aquatic locomotion: simulations. a, Two- and
three-dimensional direct numerical simulations of swimming creatures
confirm equations (1) and (2). Circles correspond to two-dimensional
simulations, while squares correspond to three-dimensional simulations
(details about sources and numerical techniques can be found in the
Supplementary Information). In the case of two-dimensional simulations, a
data fit for the laminar regime yields Re=0.04Sw4/3 with R2=0.99, and
for the turbulent regime yields Re=0.43Sw with R2=0.99. Remarkably,
three-dimensional simulations performed by various groups19,22,24,28 and
with di￿erent numerical techniques (Supplementary Information) confirm
our scaling relations (Re=0.02Sw4/3 with R2= 1.00, and Re=0.26Sw with
R2=0.99). b, For several Sw we display the vorticity fields (red—positive,
blue—negative) generated by a two-dimensional anguilliform swimmer
initially located on the rightmost side of the figure.
characterize the underlying dynamics. Although this is reasonable
for many engineering applications such as vortex shedding,
vibration and so on, in a biological context it is worth emphasizing
that St confounds input A–! and output U variables, captures
only one length scale by assuming A⇠ L, and does not account
for varying fluid environments characterized by ⌫. For biological
locomotion, Sw is a more natural variable as it captures the
760 NATURE PHYSICS | VOL 10 | OCTOBER 2014 | www.nature.com/naturephysics
© 2014 Macmillan Publishers Limited. All rights reserved
•  As	expected,	in	the	turbulent	regime	for	aquatic	locomotion,	
Sw	is	linearly	proportional	to	Re.		
•  Higher	Sw	->	higher	drag.	
	
•  Could	we	use	Sw	as	a	dimensionless	parameter	to	quantify	
energy	expenditure	during	fish	passage?			
Cotel	and	Webb	(2015)	
Sw	as	a	function	of	
Persistence	for	different	Re	
for	creek	chub	swimming	
downstream	of	cylinder	
arrays	
		
Small	difference	until	we	get	into	the	Large	Cylinder	regime,	
which	is	the	regime	that	causes	most	challenges	for	fish.		
	
A	high	persistence	number,	i.e.	longer	interaction	with	eddies,		
has	a	strong	effect	on	fish	responses.		
Cotel	and	Webb	(2015)	
Cotel	and	Webb	(2015)	
•  Underwater	PIV	
	
	
	
	
	
	
	
Field	measurement	techniques	
11cm
51cm
55cm
54cm
9.5cm
9.5cm
19cm
11cm
20.5cm
28cm
	
Clarke,	Tritico	and	Cotel	(2007)	
Direct	measure	of	circulation	by	ultrasound		
•  Measures	transit	time	of	ultrasonic	pulses		traveling	in	
the	direction	of	vortex	rotation	and	against	it.		
•  Tested	in	air	and	water	
•  No	need	to	calibrate	for	speed	of	sound	
•  Could	be	installed	in	fishways	as	monitoring	devices	
and	used	as	a	sensor	for	adaptive	management	
strategies.	
Fig. 2. Schematic of a possible closed path setup for circulation
measurement
circulation measurements around airfoils. Weber et al. (1995)
utilized a setup similar to Schmidt’s to measure the circulation
around a dynamically pitching airfoil. That study proved that
transit time differences as small as 100 nanoseconds can be
measured and the ultrasonic method is capable of characteriz-
ing circulation in time-varying flows.
Schmidt’s developments presumed that the vorticity was all
contained within a compact region such that the overall flow
field behaved in a knownmanner; namely, the potential vortex.
Moreover, the precise location of the vortex core is required if
the distance between the two transducers is not significantly
greater than that between the vortex core and the ultrasonic
path. These difficulties amount to minor errors in well-behaved
flows with a stationary vortex such as that associated with the
bound circulation of airfoils. On the other hand, in cases where
the velocity distribution is not known or the vortex is free to
move in space, the just-described method suffers diminished
accuracy. The situation is even less clear in cases where
multiple vortices exist in the flow field. The measured time
differences cannot be directly related to the circulation of each
individual vortex without making further assumptions.
2.2
Closed path
The method described herein, while based on Schmidt’s work,
overcomes the above difficulties. The method utilizes ultra-
sonic pulses that travel in a continuous closed path around the
vortex. The closed path can be achieved by the reflection of
ultrasonic pulses from the interior surfaces of a duct or by
reflectors placed within the flow, as shown in Fig. 2. The
reflection follows Snell’s law since narrow ultrasonic pulses
behave substantially as geometric rays with divergence angles
of only a few degrees. The time of travel between the
transmitter and the receiver is measured accurately for pulses
traveling in the direction of vortex rotation and against it. As it
is shown below, the difference between the two travel times
is linearly proportional to the calculation contained within
the closed path. By varying the area enclosed by the closed
path, the distribution of circulation can be found as well.
Improvements in ultrasonic flowmeter technology have
enabled measurement of time differences of the order of few
nanoseconds such that circulation measurements can be made
in laboratory scale experiments involving liquids.
The ultrasonic circulation measurement technique consists
of measuring the transit time of ultrasonic pulses traveling in
the sense of vortex rotation (T
$08/
) and opposite to it (T
61
).
Then,
T
$08/
\{
dl
a]V(l)
and T
61
\{
dl
a[V(l)
(5)
where V(l) is the local fluid velocity component along the
closed path. By taking the difference between these two transit
times, an expression for the line integral of velocity along the
closed path can be obtained as follows:
DT\T
61
[T
$08/
\2{
V(l)/a2
1[(V/a)2
dl: 2
a2
{V(l) dl (6)
Therefore, circulation is linearly proportional to the transit
time differenceDT as long as the ratio (V/a) remains small, say
less than 0.1. This condition is invariably satisfied for aqueous
flows and low speed flows in air especially since V is the
velocity component along the closed ultrasonic path and not
necessarily the freestream velocity. If the two transit times are
added together, then the sum of line integrals results in the
total ultrasonic path length P divided by the local sound speed
RT\T
61
]T
$08/
\
2
a
{
dl
1[(V/a)2
:2
a
P (7)
This relation is quite helpful since the local sound speed may
not be known at any given time instant. Once the total path
length P is known as well as the two transit times, both the local
sound speed as well as the circulation can be calculated. Since
circulation C is the line integral of velocity around a closed
path, the transit time difference relation simplifies to
C{{V(l) dl\0.5a2DT\0.5A2PRTB2DT\2C PRTD2DT (8)
This last expression allows for the direct computation of
circulation from accurately measurable transit time difference
DT ’s andRT ’s without the need for any calibration constant or
the knowledge of the local sound speed. It is noteworthy that
the closed path should lie in a plane perpendicular to the
vortex axis. This method of circulation measurement has
several advantages over the straight path described earlier. The
precise location of the vortex relative to the ultrasonic path
is not needed. The technique measures the total circulation
enclosed by the path. Moreover, a priori knowledge of the
vorticity distribution or the induced velocity behavior is not
assumed in the closed path scheme. The issue of multiple
vortices in the flow field is also resolved because the measured
time difference is linearly proportional to the algebraic sum of
all the vortex circulations enclosed by the path.
There are several issues regarding the circulation measure-
ments that need to be addressed here. Although the require-
ment that the local fluid velocityV be small in comparison with
the local speed is satisfied in the practical aqueous flows,
velocities in air flows may be comparable with the sound speed.
In such cases, the denominator in the integral of Eq. (6) does
not reduce to unity. In fact, if on average V+a, then the
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FishPass Conceptual Design 
•  Turbulence	is	measured	in	several	ways	that	can	lead	to	
contradictory	biological	impacts.		
	
•  Need	new	unifying	reference	frame	to	evaluate	fish	responses	
to	turbulent	flows	->	A	physical	framework	to	link	flow	
conditions	to	fish	responses	is	proposed.		
	
•  Based	on	dimensionless	parameters	to	allow	applications	for	a	
wide	range	of	length	and	time	scales.		
	
•  Future	steps	require	the	acquisition	of	more	field	data	using	
different	instruments	as	there	is	a	need	to	move	away	from	
point	measurements.		
Summary	
Questions?	
